The numerical simulation model is proposed according to the characteristics of the biomass briquette fuels, which involves two main areas of interest: the solid combustion model in the bed and the out-of-bed gas combustion model. The contents and characteristics of 3 kinds of biomass and coals were experimentally tested. The biomass fuels compared with the coal fuel have the following characteristics: 1) Higher volatile content, lower fixed carbon content and calorific value; 2) Lower carbon content, higher oxygen content; 3) Lower ignition temperature, faster burning velocity. The discredited equations were established by the finite element analysis method, which analyzed the fuel endothermic process on the grate, while the out-of-bed gas combustion process was simulated by CFD. These two processes are strongly coupled. The results of the numerical simulation contain the steady state temperature distribution, oxygen distribution, carbon dioxide distribution and so on, which are used to judge burning effect and provide the correct furnace transformation method.
Introduction
At present, the outbreak of the global energy crisis is making energy situation more serious in the world. M. Fatih Demirbas [1] pointed out that the biomass fuel is a renewable energy source and its importance would increase along with the national energy policy, focusing more on renewable sources. China is rich in biomass but its utilization is still lacking, causing a large amount of energy wasted. If these fuels could be effectively and efficiently used, China and even the world will benefit on the energy supplying and environmental protection.
Using the coal-fired boilers to burn the biomass fuels is an ineffective method of utilization, according to previous studies, which involved the following phenomenon, such as the combustion instability, heat congregation before furnace, the flame into fuel damper to ignite the fuels in the hopper, black smoke causing from bad air distribution, low thermal efficiency and poor environmental benefits. Therefore, careful study on biomass furnace design based upon the coal-fired's becomes important. The topic is to improve the biomass fuels combustion efficiency. Guo Y [2] pointed out that the coalfired boilers have to be improved to adapt to biomass fuel, because so many differences exist between the biomass and the coal such as the fuel properties, the combustion phenomenon, the coking properties and the most suitable furnace structure.
Currently, many domestic and oversea experts are working on improving the biomass briquette combustion efficiency. Liang YD [3] pointed out that reducing the grate length, changing the front arch and the rear arch structures and setting the dust barrier wall are necessary ways to transform the existing coal-fired boiler. Lin P [4] studied the combustion characteristics of different biomass fuels, analyzed the main influence factors on combustion (fuel characteristics, shapes and sizes, and air distribution, etc.). Wang L [5] investigated on the coking problem in biomass combustion process, and discussed a variety of measures to reduce the ash. The main research methods on biomass combustion are experiments and simulations. Experimental studies can accurately and directly determine the burning effect, but the investment is large. Simulations have the advantages of simple, efficient and small investment, but it is idealized, so there is a big gap compared to the actual results. Therefore, more accurate numerical simulation methods become particularly important.
In this paper, the discrete equations were established by the finite element analysis method which analyzed the fuel endothermic process on the grate, and the results as the boundary condition of the out-of-bed gas combustion models, and finally the results of the gas combustion are displayed by CFD.
Experiments

Analysis Experiments
One kind of coal fuel and two kinds of woody biomass fuels are selected in this paper, and their physical properties were shown through industry analysis, elemental analysis and heat measurements. S1 is the coal fuel, S2 and S3 are the biomass fuels, and results are shown in Table 1 and Table 2 .
The volatile content in the table refers to the dry ashfree basis volatile content. Fixed carbon content, moisture content and ash content refer to the content in the air dried basis. Comparing the biomass fuel with the coal fuel, it can be seen that:
• The biomass fuels contains a large proportion of volatile, a small amount of fixed carbon, so the combustion is more close to the gas combustion, which is clearly different from the fixed-carbon coal combustion.
• The biomass fuels contain more oxygen content and less carbon, so they need less theoretical air quantity.
• The biomass fuels have low calorie values, so when the same heat load required, the biomass fuel consumption is higher than the coal.
The TGA Experimental
Wu HX [7] made research on the pyrolysis performance, as well as their mixture, pointing out the different biomass at initial volatile releasing temperature and the first maximum peak temperature of co-pyrolysis increasing with more lignite in blend by thermo gravimetric analysis. It can be found that the differences between the biomass and the coal in thermal decomposition and combustion Table 2 . Element analysis and the calorie value.
Fuel name by making the TGA experiments in this paper. The experimental conditions were that the temperature rise rate of 20 degrees per minute in an air atmosphere. The experimental results are shown in Figure 1 .
On the basis of the TGA experimental results, it could be seen that:
• Comparing to the coal fuel, the extrapolated onset and decomposition temperatures are 200℃ lower, and the termination temperature is only a half, which means that the biomass fuel is easier to be decomposed and its ignition temperature is lower.
• All the fuels contain higher moisture, so at the beginning of the experiment, there is precipitation of the moisture and the fuel quality reduced, and then their mass close to the same stage in a period of time.
• As far as biomass fuels, the extrapolated onset temperature is around 250℃, the decomposition temperature is of 50%, around 350℃ and epitaxial terminate temperature around 500℃.
The Numerical Simulation of the Biomass Particles
Many numerical researches related to the combustion simulations have been carried out. For example, Chaouki Ghenai [6] directly simulated pulverized biomass mixed with pulverized coal combustion, providing selections of models and drawing the conclusion that increasing the residence time and enhancing vortex could improve the combustion efficiency. The shape of the fuel has an important effect on the combustion, so the simulation method of the pulverized fuels combustion is not suitable for the biomass briquette fuels. There are three ways to solve the above problem. Firstly, a simple approach is to use inlet conditions for the top of the fuel bed based on the experimental measurements [8] .The inlet conditions contain the gas temperature, speed and species. Secondly, a more complex method is to develop a separate sub-model that calculates the temperature, velocity and species at the top of the fuel bed. The CFD code can then be coupled with the bed sub-model, and the radioactive flux emitted by the flame and furnace walls to the top fuel layer, fed back for the next interaction of the bed model [9] .The third type of approach, which is not so commonly adopted, is to define a user defined sub-routines (UDF) within the Fluent code. This code contains the essential details to characterize the solid and gas phase interactions [10, 15] .
In this paper, the second approach is combined with the third. The mathematical model consists of two submodels: one model for the burning bed of biomass briquette, and the other model for the gas combustion in the furnace above the bed. The fuel is continuously lost mass during moving in the bed (moisture evaporation, devolatilization and char combustion). The conditions for the top of the bed are calculated from overall heat and mass balances of the fuel components and the primary air velocity. To simulate the gas phase reactions within the full geometry of a biomass furnace in CFD, a model for turbulence flow and radiation transfer is need. The inlet boundary condition based on the conditions for the top of the bed, is achieved by a user defined sub-routines (UDF) within the CFD code. The modeling schematic view of the model is shown in Figure 2: 
The Combustion Model on the Grate
In order to model the heat and mass transfer process in the bed, the fuel in the bed along with the grate movement is discredited, and the mass conservation equations for each element are based on moisture evaporation, volatile release and char combustion. Heat conservation equations for each element are based on radioactive heat transfer, convective heat transfer and combustion heat production. The interaction between the gas and solid phase occurs through the relevant source terms in the conservation equation. The mass and energy conversion relationship for an element is shown in Figure 3 . It is assumed that the fuels in the bed are continuous porous medium, the bulk density of the fuel and the bed voidage remain unchanged; the heat transfer in the fuel height direction is ignored and the volatiles in the release process have no combustion reaction. The primary air is evenly distributed. According to the formulas about moisture evaporation rate and volatile release rate [11, 12] , and combined with the combustion characteristics in this paper, the following discrete equations can be got. 
2) Char oxidation: a) Mass conservation,
3) The rate of moisture evaporation can be express as: a) when T<100 ℃,
( )
4) The rate of volatile devolatisation can be express as,
5) The rate of char oxidation can be express as,
The moisture content and volatile content,
where ρ is the bulk density of the fuel, u is the speed of the grate, Sa is the particle surface area, hs is the connective mass transfer coefficient between solid and gas, C (w,s) is the moisture concentration at solid surface, C (w,g) is the moisture concentration in the gas phase, Y V is the mass fraction of volatile matter remaining in biomass briquette, Av is the pre-exponential factor, Ev is the activation energy, R is the gas constant, S a1 is the particle convective heat transfer surface area, S a2 is the particle radioactive heat transfer surface area, T g is the primary air temperature T 1 is the furnace temperature, T is the fuel temperature. Several results can be got according to the above calculation, such as the fuel height, the moisture and volatile content, the fuel temperature, the mass fraction in the mixture, the temperature and the velocity about the mixture, the mixed gas temperature and velocity. All the results as the inlet boundary conditions to the Fluent to simulate the gas phase.
Out of Bed Gas Combustion Model
Volatile combustion occurs in the gas phase, and Fluent was selected to simulate the gas combustion. To simulate the gas phase reactions within the full geometry of a biomass furnace, models for turbulence and radiation need to be selected. To model the turbulent interactions within the boiler, the standard Realizable k-epsilon Model was adopted. Radiation heat transfer in biomass furnace was modeled with the P1 radiation model [12] .
The kinetics of gas phase reaction and the mixing rate of oxidizer and fuel are the dominant factors to influence the gas combustion rate. The gas phase reactions are kinetically fast above the fuel bed, where the temperature is high and the reactions quickly, leading to the combustion is only controlled by the mixing rate The rate of a reaction in particular cell is determined by the minimum limiting value between the kinetics and the mixing rate [13, 14] .
Results Analysis
The simulation model is used to calculate the biomass briquette combustion in the grate. Several results can be got according to the calculation on the solid combustion in the bed, which are shown in Figure 4 .
The figure shows the mixture fraction distribution and temperature distribution above the grate. These results would be as the boundary condition for the furnace simulation.
The simulation on biomass combustion in the two different furnaces under the condition that keep the fuel characteristic, the grate speed, the air temperature, flow rate and velocity constant. The simulation results about the biomass burning in the coal-fired boiler are shown in Figure 5 , contain the temperature distribution and the mass fraction of O 2 . The simulation results shows that the biomass burning in the coal-fired boiler have some problems such as the high temperature.
The simulation results about the transformation boiler are shown in Figure 6 , contain the temperature distribution and the mass fraction of O 2 . Compared with the coal-fired boiler, the arch angle increase and the front arch covered area decrease.
Through the simulation results, the conclusion can be drawn:
1) The oxygen is likely lack to burn the volatiles in the middle of furnace.
2) The combustion of the biomass is closer to the gas combustion because the fuel is about around 80% volatile, which is have a huge different from the coal.
3) The flame position in the furnace clearly down after the transformation, which improved the convective heat transfer of the flue gas and the efficiency of the boiler. 4) A large space to ensure the stable and complete combustion of volatile gases after the transform the furnace structures are needed, but the transformation weakens the disturbance of the mixture.
